Markedly increased overall levels of CD44 transcripts and proteins have been recognized in many tumors and the inappropriate expression and abnormal assembly of the CD44 variable exons has been linked to both tumor growth and metastatic potential. We have also previously observed the aberrant inclusion of intron 9 in CD44 mRNA transcripts in tumor tissues. In this study we assessed whether such retention is specific to certain introns or is a more general phenomenon affecting CD44 gene expression in tumor cells. Intron 18 was cloned and sequenced from genomic DNA and the novel sequences analyzed and used to create intron 18-specific probes. The newly characterized intron was found to have consensus 5 splice site and branchpoint sequences but a suboptimal 3 splice site. The status of CD44 intron 18 retention or excision was assessed in a colon tumor cell line ( Current evidence favors the interpretation that inappropriate or aberrant regulation of gene expression does not necessarily lead to cell death but can lead to various forms of dysfunction including neoplasia. Complex genes whose transcripts undergo extensive alternative splicing are more likely to be incorrectly processed. The CD44 gene is an example of one whose expression has been investigated both as an example of misprocessing and for use as a potential tumor marker.
Markedly increased overall levels of CD44 transcripts and proteins have been recognized in many tumors and the inappropriate expression and abnormal assembly of the CD44 variable exons has been linked to both tumor growth and metastatic potential. We have also previously observed the aberrant inclusion of intron 9 in CD44 mRNA transcripts in tumor tissues. In this study we assessed whether such retention is specific to certain introns or is a more general phenomenon affecting CD44 gene expression in tumor cells. Intron 18 was cloned and sequenced from genomic DNA and the novel sequences analyzed and used to create intron 18-specific probes. The newly characterized intron was found to have consensus 5 splice site and branchpoint sequences but a suboptimal 3 splice site. The status of CD44 intron 18 retention or excision was assessed in a colon tumor cell line (HT29) and in tissue from 20 Current evidence favors the interpretation that inappropriate or aberrant regulation of gene expression does not necessarily lead to cell death but can lead to various forms of dysfunction including neoplasia. Complex genes whose transcripts undergo extensive alternative splicing are more likely to be incorrectly processed. The CD44 gene is an example of one whose expression has been investigated both as an example of misprocessing and for use as a potential tumor marker.
The human CD44 gene resides at chromosomal locus 11p13 1 and is composed of a segment of DNA of approximately 60 kb containing at least 20 exons. 2 Ten exons, namely 1-5 and 16 -20, are spliced together to be translated as the standard isoform (CD44s) which is a transmembrane glycoprotein. The remaining exons can be alternatively spliced 3 and assembled within the standard ones (Figure 1 ) to generate a number of variant protein isoforms (CD44v). These can be further modified by post-translational glycosylation to produce a large family of transmembrane glycoproteins with diverse functions. The standard isoform (CD44s) is present in almost all normal cells, whereas the distribution of other more complex variant isoforms occurs in a tissue-specific manner.
Markedly increased expression of CD44 proteins and abnormal assembly of CD44 transcripts have been observed in a variety of carcinomas, including those of the stomach, 4 -6 colon, 7,10 breast, 11,12 uterus, 13 bladder, 14, 15 and lung, 16 as well as in hematopoietic malignancies. 17 This inappropriate expression of the CD44 variable exons has been linked to both tumor progression and metastatic potential. These observations indicate that the CD44 molecule could have an important role in tumor biology, cancer diagnosis, and prognostic evaluation.
Much of the data regarding CD44 gene expression has been gathered using reverse-transcriptase polymerase chain reaction (RT-PCR) techniques and with this form of analysis we have consistently observed that distinctive large molecular weight amplicons can be visualized from samples containing tumor cells. Indeed, some of these appear to be larger than would be predicted even if all possible variant exons were included in the transcript. Such data indicate the presence of abnormal gene transcripts. This characteristic pattern is not seen in other conditions associated with epithelial cell injury and inflammatory cell infiltration, but is reproducibly seen in serially passaged tumor cell lines without inflammatory cells. We reasoned that this highly characteristic abnormality could result from incompletely processed or misprocessed mRNA species, possibly containing retained intronic sequences. This hypothesis was investigated by characterizing intron 9 and looking for its retention in CD44 mRNA transcripts in bladder tumor-related sam-ples. 18 Retention of this intron was confirmed in a bladder tumor cell line, in bladder tumor tissue, and in exfoliated urothelial cells collected from the urine of bladder tumorbearing patients but not in samples from tumor-free subjects. We have also recently demonstrated the retention of intron 9 in CD44 transcripts in breast tumors 19 and in colon tumors. 20 The present study was conducted to ascertain whether abnormal retention of other CD44 introns occurs in tumor tissues. Intron 9 is located between two variable exons ( Figure 1 ) and to make the investigation as informative as possible we chose to study an intron that separates two standard exons. Intron 18 interrupts exons 18 and 19 in the 3Ј region of the standard molecule and unlike most CD44 introns is less than 1 kb in size (ϳ700 bp as determined by PCR across exon boundaries 2 ). This intron was cloned and the novel sequences were used to analyze whether it is removed efficiently by cellular splicing mechanisms. The studies were performed initially on a human colon tumor cell line and then on tissues from 20 human colonic tumors and their matched normal mucosae. Intron 18 sequences were also examined for exonic/ intronic consensus motifs and compared with intron 9 in order to define any sequences common to both which may predispose these introns to incorrect splicing. We provide evidence demonstrating tumor-specific disturbances in alternative splicing that result in the accumulation of immature intron-retaining transcripts in carcinoma cells in vivo and in vitro.
Materials and Methods

Cloning of Intron 18
Intron 18 nucleotide sequence was obtained by amplification between exons 18 and 19 by PCR using Pfu polymerase (Stratagene, La Jolla, CA), a primer pair Ex18, Aex19 and a human CD44 genomic clone DMPC-HHF 1-c2311 18 as template. During the final extension step, 0.5 U of Taq polymerase (Boehringer Mannheim, Indianapolis, IN) were added (72°C for 10 minutes) of the PCR in order to add overhanging dATP bases to the termini of the amplicon. A product of the estimated intron size (ϳ700 bp) was gel-purified, ligated into the pCRII vector (Invitrogen, San Diego, CA) and propagated using standard bacterial protocols.
Sequencing of Intron 18
The insert within the pCRII vector was sequenced in both directions using M13 reverse primer and the Ex18 primer ( Figure 1 ). The 72 bp of CD44 exon 17 within the cloned fragment served as reference sequence. Sequencing reactions were performed by chain termination reactions in the presence of [␣-32 S-dATP] with an Amplicycle sequencing kit (Perkin Elmer, Branchburg, NJ).
Cell Lines
CD44 gene expression was studied in the colonic carcinoma cell line HT-29. Cells were routinely cultured in RPMI 1640 medium (GIBCO-BRL, Gaithersburg, MD) containing HEPES supplemented with 10% fetal calf serum at 37°C in a humidified atmosphere.
Tissue Procurement
Fresh colorectal carcinoma tissue samples and corresponding normal colonic mucosa from surgical resection specimens were snap-frozen and stored in liquid nitrogen until use. The presence or absence of carcinoma cells was routinely monitored in all tissues taken from colonic mucosae by hematoxylin and eosin staining of cryostat sections before RNA extraction.
RNA Extraction and cDNA Synthesis
Total cellular RNA was extracted by the acid guanidinium phenol-chloroform method and mRNA was purified using Oligo-dT latex beads (R&D, Abingdon, UK). mRNA was purified from nuclear and cytosolic fractions of the HT-29 cell line by pelleting of nuclei after Dounce homogenization as described previously. 20 RNase and DNase digestion analyses were performed to monitor for possible DNA contamination of RNA samples. Their 500 ng of mRNA were digested with either 1 g of RNase (Boehringer Mannheim) or 0.1 U of RQ1 RNase-free DNase (Promega, Madison, WI) at 37°C for 20 minutes. After incubation, RNase or DNase was inactivated by incubation at 70°C for 10 minutes. The reaction mixtures were extracted with phenol-chloroform and precipitated with ethanol before the reverse transcription reaction. cDNA was synthesized from 500 ng of poly Aϩ selected mRNA at 42°C with AMV-reverse transcriptase using a cDNA Cycle Kit (Invitrogen, San Diego, CA).
RT-PCR
cDNA was amplified with 2.5 U of Taq DNA polymerase (Boehringer Mannheim) in the presence of 1 mol of primer pair P1, P4 for variant exon analyses and with primer pair Ex16, Aex19 for intron 18 retention analyses. The conditions of PCR were as follows: 94°C for 5 minutes and 85°C for 1 minute, during which time Taq polymerase was added (hot start) followed by 30 cycles of 94°C for 1 minute, 55°C for 1 minute and 72°C for 2.5 minutes. The presence of intact input RNA was checked in all samples by amplification of human ␤-actin cDNA (Stratagene). The presence of CD44 transcripts in all samples was confirmed by reference to amplification of the standard form of CD44 mRNA which is expressed in all colonic mucosa (see Figure 3) .
The CD44-specific primers used were: P1: 5Ј-GACA-CATATTGCTTCAATGCTTCAGC-3Ј;P2:5Ј-CCTGAAGAA-GATTGTACATCAGTCACAGAC-3Ј; Aex5: 5Ј-AGCAGG-GATTCTGTCTGTGCT-3Ј; P4: 5Ј-GATGCCAAGATGATC-AGCCATTCTGGAA-3Ј; E1: 5Ј-TTGATGAGCACTAGTGC-TACAGCA-3Ј; E2: 5Ј-CATTTGTGTTGTTGTGTGAAGATG-3Ј; D1: 5Ј-GACAGACACCTCAGTTTTTCTGGA-3Ј; AD1: 5Ј-GGTGCTGGAGATAAAATCTTCATC-3Ј; EX11: 5Ј-TC-CAGGCAACTCCTA-3Ј; AEX11: 5Ј-TCCAGGCAACTCCTA-3Ј; Ex16: 5Ј-GACCAAGACACATTCCACCCCAGT-3Ј; Ex18: 5Ј-TGGCTGATCATCTTGGCATCCCTC-3Ј; Aex19: 5Ј-TCT-TATGCTATAACCTGAATCTCTTCA-3Ј; I18 f2: 5Ј-TAAACCT-CATGCAGACTC-3Ј; I18 r2: 5Ј-GGGATGATGATCACTGA-3Ј.
Southern Blot Hybridization
10 l of the 50-l PCR reaction mixture was electrophoresed in a 1.2% agarose gel, transferred to a Hybond Nϩ nylon membrane (Amersham, Little Chalfont, UK) with 0.4 N NaOH solution overnight and hybridized with probes made by PCR using the primers listed above with a CD44 genomic clone (c2311) template. Figure 1 depicts primer annealing sites. The DNA probes were labeled with peroxidase using enhanced chemiluminescence (ECL) direct nucleic acid labeling and hybrids were visualized with the ECL detection system (Amersham). Conditions used for hybridization, washing, and detection were those recommended by the manufacturer.
Intron 18 Sequence Database Accession Number
The sequence of CD44 intron 18 has been submitted to the EMBL database and has the accession number AJ002286.
Results
Intron 18 Sequence Analysis
The 633 bp of intron 18 sequence is shown in Figure 2 . The intron/exon boundaries, (5Ј-GT-AG-3Ј) are highlighted in bold type. CD44 genomic introns are as yet largely uncharacterized and it is possible that not all exon/intron boundaries are accurately defined. Applying the GT-AG rule, a number of partial 5Ј boundary motifs exist within the proximal region of the sequence and open reading frame (ORF) analysis revealed that it would be possible for exon 18 coding sequence to extend another 38 amino acids into the intron, in the same reading frame, before reaching a stop codon. This extension would require 114 nucleotides but a 3Ј terminus at that position does not coincide with any complete or partial consensus splice-site sequences. Many CD44 exons are on the order of 100 bp in size so it is possible that an undefined exon resided within intron 18. However, although not conclusive, our analyses showed that no sequences that lay between putative exon/intron boundary consensus sequences had appropriate open reading frames.
Branchpoint sequences have a consensus pattern of nucleosides of PyNPyPyPuAPy, with a stable lariat structure being created by an intra-intron esterification reaction at the adenosine (A) base (21) . This motif usually lies 18 -40 bases upstream of the 3Ј splice site and such a region exists in intron 18, incorporating the adenosine residue at position 602 (31 bp upstream of the 3Ј terminus). Also following previously described intron structures, a pyrimidine-rich stretch of nucleotides (12 of 13 nucleotides between 608 and 620) resides between the branchpoint and the 3Ј splice site.
RT-PCR/Southern Hybridization Analysis
CD44s and CD44v Expression in Colonic Mucosae
Twenty colon carcinoma specimens and their corresponding normal tissues were analyzed for expression of CD44 exons by RT-PCR using primers P1 and P4. Subsequently Southern hybridization of the products was performed using a probe for the 5Ј standard exons (contained in all CD44 transcripts) and for the variant exons 7, 8, and 11. The predicted amplification products resulting from the use of the P1, P4 primers would be 482 bp for the CD44 transcript, with several larger products also present if the sample contained alternatively spliced transcripts incorporating variant exons. As previously described, 5, 17, 20 carcinoma samples of colonic mucosa displayed characteristic overexpression of numerous alternatively spliced CD44 mRNA species (Figure 3 ). Variant exon 7 was present in CD44 transcripts in 13 of 20 (65%) tumors, 17 of 20 (85%) contained exon 8, and 16 of 20 (80%) contained exon 11. Probing with exon 11 discriminated the most clearly between tumor and normal colonic mucosae as in normal tissues the signals were either absent or very weak. Expression of exon 8 was seen in the majority of tumor tissues (85%) but it was also detectable in most normal tissues (70%). Exon 8 is often the variant exon that abuts standard exon 5 in colonic mucosae. 22 
Intron 18 Retention in HT-29 Tumor Cell Line mRNA
Optimization of RT-PCR and Southern blot hybridization conditions for analysis of the presence of the novel intron sequences in CD44 transcripts was performed on colonic tumor cell line HT-29. As is the case in many tumor cell lines, we have previously shown that this cell line has gross overexpression of CD44 variant exoncontaining transcripts. 15, 23 This cell line was chosen for study because of its appropriate histogenetic origin.
Intron 18 lies outside the variant exon insertion region of the gene and would not be amplified by the primers P1, P4 (Figure 1) . Extension of the RT-PCR amplicon by use of a primer further into the 3Ј standard region (Aex19) and subsequent Southern blot hybridization with an internal intron 18-specific probe resulted in observation of a wide range of PCR products of molecular weight greater than 1 kb. This suggested that there were several species of mRNA which contained intron 18 sequences in combination with various exons and possibly with other introns. In order to exclude the possibility that the PCR products might result from amplification of contaminating genomic DNA, RNase and DNase digestions were performed on the RNA fraction of HT-29 human colon carcinoma cells before cDNA synthesis. CD44 amplification was not detected in the RNase-digested mRNA sample (Figure 4 , lane R) but it was present in mRNA after DNase treatment (lane D), confirming that intron 18 was present in CD44 transcripts in these cells. To determine whether intron 18 is retained in transcripts of the cytoplasmic mRNA pool, mRNA was purified from isolated nuclei and from the cytosol of HT-29 colonic carcinoma cells. Each fraction was analyzed for intron retention and Southern blot hybridization with the intron 18-specific probe revealed the presence of intron-retaining CD44 mRNA in both the nuclear and cytoplasmic fractions (Figure 4 , lanes N and C).
Intron 18 Retention in Colonic Matched Specimens
CD44 expression was studied in the fresh human colonic mucosa tissue samples from surgical resection specimens to evaluate the incidence of intron 18 retention in this tissue. However, as can be seen in Figure 4 , analysis of intron 18 retention in CD44 transcripts amplified across the variant region with primers P1, Aex19 were difficult to interpret because they could include any number of combinations of variant exons and introns. In order to study the expression of intron 18 more clearly and to accurately size the resulting amplicons, a more defined RT-PCR approach was utilized. The primer pair Ex16, Aex19 was chosen for analysis of intron 18 retention, giving amplification across the region of interest from exon 16 to exon 19. Only amplicons containing intron 18 would be revealed by hybridization with the intron-specific probe with transcripts including exons 16 (63 bp), 17 (72 bp), 18 (75 bp), intron 18 (633 bp), and exon 19 (27 bp of primer Aex19) giving a product of 870 bp. Inclusion of introns 17 (ϳ5k bp) or 19 (2.5k bp) as well as intron 18 would result in products of 3370 bp and 8370 bp respectively.
Intron 18 was shown to be retained in mRNA extracted from the frozen colorectal carcinoma tissue specimens ( Figure 5 ). The retention was seen in CD44 mRNA from 15 (75%) of 20 tumors but in only 3 (15%) of the 20 matched normal samples. Because of the fibrous nature of human tissue specimens and the need to avoid RNase degradation in biopsy material, RNA was extracted from frozen tissues by mechanical homogenization without thawing. It was therefore not possible to separate nucleus and cytoplasmic fractions for analysis. In this study, no association was evident between the presence of intron 18 retention and tumor grade or Dukes' stage of colorectal carcinoma tissue. All cDNA reactions were tested for completion by amplification across an intron/exon bound- Figure 3 . Southern blot hybridization analysis of CD44 RT-PCR. RNA was extracted from human colon carcinoma tissues (T) and from matched adjacent normal mucosa (N). Case numbers are indicated above the lanes. Amplification of cDNA was performed across the variant region between standard exons 3 to 17 (primers P1, P4). PCR products were electrophoresed and blotted to nylon filters for hybridization. The standard probe used to detect all transcripts was synthesized using primers P2 and Aex5. Probes for individual variant exons were generated by PCR using exon-specific primers (see Figure 1 for annealing positions) with a template consisting of a human CD44 genomic clone. Replicate filters were used for each ECL-labeled specific probe. Molecular weight markers are indicated to the right in base pairs. RT-PCR was performed using primers P1 and Aex19. Products were electrophoresed and Southern blot analysis was performed using a hybridization probe specific for intron 18 (synthesized by PCR using primers I18-f2 and I18-r2). Similar analysis revealed intron 18-CD44 transcripts in both nuclear (lane N) and cytoplasmic (lane C) RNA fractions. 
Discussion
There are many potential points of dysfunction in the complex mechanisms involved in the regulation of mRNA production. Alterations of gene expression patterns could result from lesions at any of the regulatory steps and may lead to cell cycle aberrations resulting in cell death, immortalization, or tumorigenesis. Alternatively, inappropriate protein function can result from incorrect RNA processing at the point of alternative splicing.
The complex inter-and intramolecular reactions involved in the maturation of pre-mRNA transcripts occur on formation of a multi-component spliceosome complex. The complicated processes depend on the interplay between specific RNA and protein molecules, 24 are prone to some degree of error, and are likely to be relatively inefficient. However, in biological processes downstream defects will become manifest only if surveillance and repair mechanisms fail and the number of surviving aberrant molecules rises above an acceptable level. Although alternative splicing greatly increases the coding efficiency of the genome, it is also a potential source of genetic misinformation resulting in atypical cell behavior and tissue function.
A number of human diseases have been traced to mutations within intron splicing sequences. The intronic lariat branchpoint is mutated in lecithin:cholesterol acyltransferase causing inherited human fish-eye disorder 25 and in the low-density lipoprotein receptor gene leading to familial hypercholesterolemia. 26 A database cataloguing aberrant splicing of mammalian genetic disorder mutations 27 has shown that genomic mutation usually results in exon skipping, with intron retention being relatively rare. Intron sequences have also been shown to have motifs within them which can alter expression of the gene by influencing transcription rates 28, 29 via protein binding. Some of the larger introns can have open reading frames within them which independently code for reverse transcriptase-like proteins that may have a role in intron mobility and RNA splicing 30 and it is clear that the definitions of intron and exon are rather blurred and often overlap.
Examples of aberrant mRNA processing include exonskipping, 31 abnormal splice site selection, 32 and full intron retention. 33, 34 However, intron retention may not always be the consequence of splicing errors. The mechanisms of splice site selection and the complex interactions between RNAs and protein factors in the nucleus are gradually being elucidated and a number of examples have shown that sometimes a biologically appropriate effect can be achieved by intron or intron fragment inclusion in transcripts. Removal or retention of an intron in the Drosophila P element mRNA is cell typespecific 35 and a ratio between retention and spliced removal of introns can be determined in some cells. 36 -38 Introns may be retained because they code for an independent protein themselves, they extend the coding sequence of an adjoining exon, or they provide alternative translation termination signals. Whatever its role, the intron-containing mRNA must, if it is to be effective, overcome confinement to the nucleus 39, 40 and enter the cytoplasm.
The inclusion of introns in mRNA transcripts will lead to alterations in the resulting translated protein and some recent examples highlight a number of downstream consequences. Frame shifts or early stop codon usage can target proteins to different compartments 41, 42 of the cell or to secretory pathways. 43 Conversely, inclusion of inframe intronic coding or noncoding sequences may lead to truncation and loss of functional protein domains. 44 From the results presented above and from earlier data it is now beyond reasonable doubt that tumor cells contain far more alternatively spliced CD44 transcripts, some of which retain introns, 18, 20 than their normal counterparts. Whether this is causal in the pathogenesis of neoplasia or is a secondary phenomenon is unknown.
Several studies have provided evidence that CD44 gene expression is abnormal in gastrointestinal tumors 9, 10 and in situ RNA hybridization data 45 have confirmed that the abnormalities are localized to the tumor cells in a sample. Because of its known role in cell-cell and cell-matrix adhesion, mediated by binding to ligands such as fibronectin, collagen, and hyaluronic acid, 46 ,47 it has been suggested that expression of certain CD44 protein isoforms could facilitate tumor invasion and metastasis. 48, 49 In agreement with previous studies, analysis of the colon tissues in this study (Figure 3 ) revealed that although many variants of unusual size are overexpressed in tumor tissues, exon 11 appears to be the best marker for distinguishing between tumor and normal mucosa. Matsumura et al 18 described for the first time detection of tumor cells in a sample achieved by monitoring intron retention in CD44 mRNA. Retention of the normally removed variant intron 9 was first observed in exfoliated urothelia of bladder cancer patients and was subsequently found to occur in breast carcinoma tissues 19 and Figure 5 . Demonstration of the abnormal retention of CD44 intron 18 in mRNA transcripts from normal tissues (A) and carcinoma tissues (B) from the same resected human colonic mucosa specimens, cases 1-20. RT-PCR was performed using the Ex16, Aex19 primer pair and amplification products were transferred to nylon membranes and analyzed by Southern blot hybridization. Detection was achieved using an ECL-labeled probe specific for intron 18 (synthesized by PCR using primers I18-f2 and I18-r2).
in colon carcinoma. 20 In this study retention of the newly characterized intron 18 was found in 15 of 20 (75%) of colonic tumor tissues but retained in only 3 of the 20 (15%) matched normal tissues. In the previous study, 20 the abnormal retention of intron 9 in colonic tissue transcripts was found in 16 (80%) out of 20 patients with carcinoma and in 4 of the corresponding normal tissues. Some of the human colon tissue samples used in this study and a previous intron 9 retention study were obtained from the same cases. 20 Comparison of the data did not reveal a pattern in the incidence of intron 9 and/or intron 18 in these samples. Transcripts containing intron 9 alone, intron 18 alone, or both introns 9 and 18 were all found in tumor cell mRNA. The retention of CD44 intron 17 in mucosal transcripts containing intron 18 was also assessed indirectly by monitoring the size of intron 18-probed PCR products amplified between exons 16 and 19. Retention of intron 17 was found in conjunction with intron 18 in 3 of 20 tumor samples but in none of 20 matched normal tissues. These results show that aberrant splicing is not intron-specific and intron retention can therefore be recognized, along with inappropriate and disorderly overexpression of variant exons, as a characteristic feature of CD44 gene expression in neoplasia.
The consequences of abnormal intron retention for CD44 function may be profound. If introns upstream of exon 17 were retained, then the encoded isoform would contain only part of the extracellular portion of the protein and could be soluble. The protein could then be retained in the cytosol and/or secreted because of the absence of the short anchoring transmembrane region encoded by exon 18.
As discussed above, the retention of introns in tumor cell mRNA species could be due to either aberrant processing or a functional requirement. A number of consensus sequences involved in efficient splicing have been identified and the novel intron 18 sequence was analyzed for the presence of such motifs. A 5Ј splice donor site consensus sequence is composed of the sequence G/GTAA and a 3Ј-splice site sequence is composed of the sequence NCAG/N. The intron 18 boundaries do follow the GT-AG rule but the 3Ј splice site is incomplete, being NTAG/N. Suboptimal splice sites are thought to be spliced with less efficiency and introns with these sequences may therefore be more likely to escape the nuclear splicing process. However, there is a great deal of redundancy in these DNA motifs and consensus sequences are far from being fully defined. Intron 18 does have a consensus-like branchpoint sequence (NPyPyPuAPy) at the appropriate position of 31 bp upstream (usually Ϫ18 to Ϫ40 bp) from the 3Ј-splice site. The presence of a Py-rich region between the branchpoint and the splice site also adds to the likelihood that the intron boundaries are correct. Conversely, intron 9 exon boundaries obey the consensus rules fully and there are also appropriate branchpoint sequences at 36 bp upstream of the 3Ј splice site. 18 Dirksen et al 32 showed that the retention of an intron in bovine growth hormone premRNA was dependent on a balance of the relative strengths of suboptimal splice sites and the presence of an exonic splicing enhancer (ESE) in an adjoining exon.
In such circumstances a weak splice site configuration may interact with spliceosome factors less efficiently and a percentage of such molecules may thereby escape the splicing pathway and by default be transported to the cytosol. These ESE elements consist of purine stretches, 50 ,51 the most effective of which repeat GGAA motifs. Such purine motifs were found in adjoining exons 18 and 19 but only as single motifs or as short runs of purines (7 bp in exon 18, G3A4 and 10 bp in exon 19, G3A7). Of interest, exon 9, adjacent to intron 9, contains only one GGAA motif but exon 10 does appear to have an ESE-like run of purines (GAAGGAAA and GAGGAAGAAGAGA), and this is in an exon of only 117 bp. A functional role for these sequences can only be speculative at this point.
Pre-mRNA molecules are initially transcribed containing exons and introns that are later selectively removed or retained. Therefore, altered CD44 splicing efficiency in tumor cells would affect all regions of the molecule equally. Our study shows this to be the case, so intron retention in CD44 transcripts is not directly related to the alternative splicing of the variable exons of the molecule. Splicing regulation may be compromised in only a subset of the mRNA pool, perhaps in complex alternatively spliced transcripts such as the CD44 molecule. Transcripts that undergo extensive processing may recruit specific proteins as part of the spliceosome complex and this may be the site of misregulation. More fundamental studies are needed to determine the mechanisms involved in the splicing of complex genes such as CD44.
Although a tumor detection rate of 75% using a CD44 intron 18 probe is encouraging, as with any marker under investigation the values should improve as we understand the regulation and processing of the marker molecule better, information which can lead to the design of more specific detection probes. Although for diagnostic purposes the detection of large amounts of intron-containing transcripts in tumor samples may be useful in itself, evaluation of the ratio of misprocessed to correctly processed transcripts would also be of interest.
We have previously shown that CD44 transcripts containing intron 9 are abundant in tumor sample mRNA pools 18 -20 and it is feasible that intron 9 was retained for some specific functional purpose. This study was undertaken to evaluate whether those examples of intron-retention revealed an intron-specific phenomenon or one that also occurs in other regions of the CD44 transcript. Tumor sample CD44 transcripts have now been shown to include multiple CD44 introns. Added to the evidence for the use of cryptic splice sites and the seemingly random inclusion of variable exons in tumor sample CD44 transcripts, the data strongly suggest that there is misprocessing of CD44 mRNA species in neoplastic lesions.
To evaluate the extent of this phenomenon, further studies will be needed to investigate aberrant CD44 processing in a large panel of tissue and cell types. Of particular interest will be proliferative stem cell populations, lymphocytes, and noncancerous or precancerous lesions. Although the relatively low abundance of aberrant CD44 transcripts may be problematical for study without amplification procedures, they could be evalu-ated using techniques such as microdissection and in situ hybridization.
It is unclear why detectable quantities of intron-containing CD44 transcripts accumulate in tumor cells. In the absence of any specific anomalies in CD44 intron sequences it is possible that there is a general derangement of splicing mechanisms in neoplastic transformation; however, other transcripts appear to be spliced efficiently in the same cells. Alternatively, specific splicing components may be in limited supply and the increase in transcriptional activity of subsets of genes occurring in rapidly dividing cells may compromise the processing machinery, resulting in a drop in the efficiency of the processing of some RNA species. Diagnostically, significant increases in RNA misprocessing above background error levels may be a marker of high rates of cell division and therefore one which would be evident at the earliest stages of cancer.
